ABSTRACT | Carbon (C) and phosphorus (P) co-doped TiO2 nanotube arrays (TNA) were prepared by the anodization method. To evaluate the release of reactive oxygen species (ROS) under visible light response, the synthesized samples that was annealed at 400°C were characterized through scanning electron microscopy (SEM), X-ray diffraction (XRD), and photoluminescence spectroscopy (PL) techniques. Methylene blue (MB) was used as a target pollutant and a scavenger test was conducted to evaluate the release of ROS from TNA. TNA with different morphology attained by varying the concentration of H3PO4 and ethylene glycol (EG) during anodization. TNA with 3.1µm length and 103 nm average diameter were obtained using 90 EG:10 H3PO4 mixture at 30 V for 1 h which then increased to 6.8 µm and 196.8 nm, respectively by adding 1% of water. The PL result revealed that the number of crystal defects was reduced after the addition of water, which thus improved the separation rate of photo-generated charges. The band gap energy of TNA was reduced from 3.1 to 2.4 eV. It is indicated that the TNA with C and P doping showed improved visible light response. The scavenger test revealed that superoxide and hydroxyl radical are the dominant ROS that contributed to the excellent photo-degradation of MB.
INTRODUCTION
TiO2 nanotube arrays (TNA) have received considerable attention in numerous applications due to reactive oxygen species (ROS) production that eliminates microbial infections [1, 2] , as well as antifouling and self-cleaning [3] properties. TNA with a highly ordered feature generally absorb light with energy greater than the band gap energy, thus exciting electron from the valence band (VB) to the conduction band (CB), while positive holes remain in the VB. These photo-generated electrons and positive holes split the oxygen and water to produce ROS such as hydroxyl radical and superoxide [4, 5] . These ROS attack the toxic organic compounds/microorganisms which are adhered on the TNA surface and destroy them completely through an oxidative mechanism. The self-cleaning and biocidal action of TNA are frequently ascribed to ROS release [6] [7] [8] . Unfortunately, TNA can absorb only UV light due to the wide band gap (about 3.2 eV). Therefore, the improvement of ROS production under visible light irradiation has been the goal of numerous investigations. It is considered that cation or anion doping is the effective way to extend the absorption edge of TiO2 into the visible light region.
Cation doped TiO2 has been widely studied over the past decades due to its ability to reduce the band gap energy and improve photocatalytic performance under visible light. Lin et al. [9] reported metal ion doping of TiO2 using alkaline earth metals ( via different preparation techniques. The majority of cation doping was prepared using co-precipitation, wet impregnation, and sol-gel method [10] . When the metal ions are doped into TiO2, an impurity energy level is formed to alter the electron-hole recombination. Transitional metals are either doped or deposited on the TiO2 surfaces as ionic dopants or metallic nanoparticles. Different methods of doping, and the shift of the absorption edge in the metal ion doped system may have a complex origin, depending on homogeneous substitution of Ti 4+ or segregated metal oxides clusters. Although cation doping can improve the visible spectrum response but the photogenerated electron-hole pair lifetime decreases causing the overall efficiencies to be at a similar level [11] . This is because in cation doping, the doped sites often behave as recombination centers for photo-generated charged carriers due to the substitution of Ti 4+ with metallic ions. Also, transition metal ion doped TiO2 samples often suffer from thermal instability. These cause the photocatalytic activity of cation-doped TiO2 to often decrease because of the thermal instability or an increase in carrier recombination centers [12] .
Anion doping is another type of elemental doping to modify the band gap of TNA to improve visible response. It has been proven that anion-doped TiO2, such as nitrogen, carbon, phosphorus, and sulfurdoped TiO2, exhibits visible photo-response and reduces the band gap energy of TiO2. This is because of the atomic orbitals of non-metal elements (e.g., N2p, S3p, and C2p) have higher potential energy than O2p [13] . This will form a new valence bands 
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instead of pure O2p atomic orbital, which reduce the band gap energy without affecting the conduction band level. This doping required the creation of surface oxygen vacancies where the anions will incorporate into the anatase or rutile by substitution in oxygen lattice sites [14] . The anion doped photocatalysts are better for extending the photocatalytic activity of TiO2 into visible region compared to metal cation doping methods because their impurity states are near the valence band edge and their roles as recombination centers may be minimized. However, the studies regarding the photocatalytic activity of co-doped TiO2 with two anions are still limited. It is expected that a combination of doping elements could result in an obvious increase in the photocatalytic activity of TiO2 into the visible light region. In this work, TNA prepared by Ti anodization method in EG containing NH4F and various amount of H3PO4 to exhibit different surface properties and catalytic activity due to the generation of diverse diameters, tube lengths, and crystal structures are presented. The effects of C and P doping of the as-prepared TNA arising from electrolyte used for anodization process on catalytic properties via ROS production are investigated and documented.
EXPERIMENTAL PROCEDURE

Materials
All chemicals used were of analytical grade and purchased from Merck (Kenilworth, NJ, USA). Ti foil (99.6% purity, thickness 0.13 mm, and purchased from Strem Chemical, Newburyport, MA, USA) was used as a substrate to synthesize TNA. The foil was cut into 1 cm × 5 cm in dimension. Ethylene glycol (EG) was used as an electrolyte and carbon source for doping. The solid ammonium fluoride (NH4F) was used to prepare the electrolyte to induce fluoride ion to attack the oxide layer on Ti foil and form nanotube structure. Phosphoric acid (H3PO4) was used as a doping source of P.
Anodization
Anodization was performed in a standard twoelectrode system with Ti foil as the working electrode and platinum as the counter electrode. Prior to anodization, the Ti foil was sonicated in ethanol for 15 min, rinsed with deionized water, and then airdried. After drying, the foil was exposed to an electrolyte consisting different volume ratios of EG and H3PO4 with 0.6% of NH4F ( Table 1 ). All the samples were anodized under a constant potential of 30 V and a potential ramp of 1 V/10 sec for 1 h. The anodized samples were then annealed in Ar atmosphere at 400 o C for 4 h. The best electrolyte ratio was used to study the effect of water addition on morphology and crystallinity.
Characterization
For the morphology characterization, a field emission scanning electron microscope (FESEM) (SUPRA 35VP ZEISS, Jena, Germany) operating at a working distance of 4 mm with accelerating voltage of 5 kV was used. Cross-sectional measurements were performed on the mechanically bent samples to obtain the thickness of the formed anodic layer. The actual length of the nanotubes was estimated by dividing the length on the micrograph using cos 45°. The chemical stoichiometry of the sample was investigated using energy dispersive X-ray analysis. The crystal phases of the TNA were studied via X-ray diffraction (XRD) using the Bruker D8 (Billerica, MA, USA) at 45 kV and 40 mV. Fluorescence spectra were recorded at room temperature using an LS-55 luminescence spectrometer (Jobin-Yvon HR). The role of ROS from the entire samples was determined by evaluating the photocatalytic activity of the nanocomposite films to degrade methylene blue (MB) aqueous solution. The sample was immersed in 10 ppm of 40 ml of MB and kept in a dark environment for 1 h to attain an equilibrium adsorption state. Then the samples were irradiated under sunlight for a set of irradiation time points. After the degradation, the sample was removed and solution was withdrawn and measured using a UV-Vis spectrophotometer at 644 nm. The photocatalytic experiments were repeated in the presence of radical scavengers to access the participation of different reactive species (hydroxyl radical, superoxide, h + ) on the photocatalytic reaction. Methanol (Me-OH) [15] , acetonitrile (ACN) [16] and benzoquinone (BQ) [17] were selected as scavengers for h + , hydroxyl radical, and superoxide, respectively. The experimental conditions are given as follows: MB = 10 ppm, scavenger (Me-OH, ACN, or BQ) concentration = 5 mM and irradiation time = 120 min.
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RESULTS AND DISCUSSION
Characteristics of the Prepared Electrolyte
The pH of the electrolyte was varied by changing the ratio of H3PO4:EG. The results are shown in Table 1 . The pH of the electrolyte was increased by decreasing the concentration of H3PO4. Furthermore, the viscosity of the electrolyte was reduced with H3PO4 addition. Figure 1 shows the current density as a function of anodization time for various electrolyte compositions at constant voltage of 30 V for 1 h. Obviously, the current density profile is influenced by the pH and viscosity of the electrolyte. Samples anodized in electrolyte at high acidic pH (samples P1 and P2) showed different current density profile as compared to other samples (P3 to P5). For sample P1, during the initial step of anodization (first 4 min) an abrupt decrease of current density from 5.1 mA/cm 2 to 3.1 mA/cm 2 is observed due to the formation of a barrier layer which induces the voltage drop between Ti (Ti) foil and the electrolyte. This initial process is termed as passivation process as illustrated in the following reaction; Ti 4+ + 2 H2O → TiO2 + 4 H + . In the second stage, the current density is gradually increased to 4.5 mA/cm 2 . This may be ascribed to a local thinning of the passivated layer by pit formation and random growing pores. This process occurs due to the polarization of Ti-O bond assisted by electric field across the sample [18] . The pits are the pore nucleation cen ter, which will eventually grow into nanotubes with various sizes. The growth of the pits is associated with chemical dissolution (TiO2 + 4 H + + 6 F -→ TiF6 2-+ 2 H2O). TiF6 2-is a water-soluble complex formed by the reaction of fluorine ions and Ti 4+ . This complex formation aids to prevent Ti-oxide layer formation at the bottom because of the continuous chemical dissolution process. At the third stage (after 50 min), the current density showed a small periodic fluctuation around 4.6 mA/cm 2 corresponding to quasi-steady state. In this stage, a constant equilibrium is maintained with increasing of anodization time. The fluctuation of current at this stage is probably ascribed to the competition between the growth and dissolution of the oxide layer to form a stable nanotube [19] . The current density profile of P2 is similar to that of P1. However, the observed current density is higher as compared to P1. Moreover, the time taken to reach the quasi-steady state was faster (25 min) as compared to P1 (50 min). This may be associated to the less acidic and more viscous electrolyte condition that moderates the vigorous chemical dissolution process for the pore growth. Sample P3 to P5 have different current density profile as compared to P1 and P2. After an initial exponential decay, the current density is decreased in a monotonic way until it reaches the quasi steady state, without appearing a local minimum. This is ascribed to a different anodization condition which leads to less passivation of the Ti substrate. The growth occurs without previously random pore formation due to less aggressive nature of the EG containing 20% and less H3PO4 content. The current density of the samples is P2 > P1> P3 > P4 > P5. This finding further supports the absence of local minimum point at current density profile for samples P3 to P5. 
Current Density Profile of the Anodized Sample
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and aspect ratio of TNA synthesized using different electrolytes are summarized in Table 2 . The surface of P1 (Figure 2a) is covered with an oxide layer with irregular features. Some parts are found to be preferentially etched. This could be ascribed to the low pH of the electrolyte leading to the increase in hydrogen ions (H + ). Hence, aggressive chemical dissolution could occur at the top and bottom of nanotubes resulting in an irregular oxide layer. Surface morphology (Figure 2b) shows the formation of ring like structure but the surface is not well ordered. The length of the tubes is very short; approximately 180 nm, indicating that the chemical dissolution is still high and therefore some parts of the nanotubes are preferentially etched to form porous oxide layer. Sample P3 showed the formation of well-ordered TNA (Figure 2c) . The length of nanotubes is approximately 1200 nm and the ridges on the circumference of nanotubes are obvious. The ridges at the surface of the nanotubes are caused by high diffusion constant of the electrolyte, which causes a pH burst during the anodization [20] . A similar feature is observed for sample P4 (Figure 2d) . However, the length is improved as compared to P3. This is probably attributed to less acidity of the electrolyte, which lowers the chemical dissolution. Furthermore, the results obtained coincide with the current density plot, which is found to be lower for sample P4 as compared to P3, an affirmation to the lower chemical dissolution of sample P4 for long nanotube formation. For sample P5 (Figure 2e) , well ordered nanotubes with a length of 4800 nm is observed. The length of the nanotubes is improved well because pH 6.6 offered a protective environment along the tube wall and pore mouth, which minimized lateral and top dissolution. Other than that, the diameters of the nanotubes are uniform and the walls are smoother. This is ascribed to viscous electrolyte suppressing the pH burst by decreasing the H + formation in the electrolyte.
Elemental Analysis
The chemical stoichiometry of TiO2 was investigated using energy dispersive X-ray (EDX) analysis (Table 3). The results indicate that the elements such as Ti, oxygen, phosphorus, and carbon existed in the samples. There are no other impurities observed. The atomic percentage of carbon is in the range of 5.03-8.91% and it is found to be increased with the nanotube length. However, sample P1 is the exceptional case whereby the oxide layer with irregular features seems to have a high carbon content. In contrast, P content is reduced with the length of nanotubes and 
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this is probably associated with a low content of H3PO4 in the respective electrolytes. It is anticipated that longer nanotubes with a diameter of 100 nm that had been co-doped would result in a better photocatalytic activity and therefore electrolyte used for sample P4 was optimized further at higher voltage 
(60 V) with water addition and discussed in the later section. Figure 3 shows the XRD pattern of P1-P5. Only the diffraction from Ti substrate is seen for sample P1. This is caused by the low thickness of the TNA layer. For samples P2 and P3, a small diffraction peak of anatase at 25.2 o corresponding to (101) plane is observed. These results reflect that the phase transformation to anatase was achieved at 400 o C, but the thickness of TiO2 is still very small to be clearly measured using XRD. However, the anatase peak is clearly observed for samples P4 and P5, which have a longer length.
Crystal Structure Analysis of the Annealed TNA
Effect of Water Addition on the Morphology of The Nanotubes
Water (0.5, 1.0, and 2.0%) was added to the electrolytes and the samples were denoted as P4-H05, P4-H10, and P4-H20, respectively. The pH of the electrolyte before and after anodization is approximately 5.0. The variations of surface morphology of TNA with different water volume content are exhibited in 
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sample without water addition. The dimensions such as tube length, tube diameter, wall thickness, aspect ratio, carbon, and phosphorus content of TNA are summarized in Table 4 . 
Based on the FESEM images, the tube length is significantly affected by water addition as compared to the tube diameter. When 0.5% of water is added, there is no significant change in tube length. The tube length was 4.3 µm and increased to 6.8 µm for 1.0% of water. This is attributed to hydroxyl ion availability in H2O for oxide formation [21] . It is suggested that water addition causes hydroxyl ion injection from the electrolyte into the oxide film during anodization. It means that hydroxyl ions will be injected into the body of the oxide layer and affect the structure by impeding the ion transport through the barrier layer. This is important to move the metal-oxide interface further into the metal [18] . Also, adding water to the electrolyte will facilitate NH4F dissolution and ensure field-assisted etching of the Ti foil at the pore bottom [18] . Nevertheless, when the water content exceeds certain limit, the tubes become much shorter. This is clearly seen for the Ti anodized in 2.0% H2O that has tubes with 5.4 µm. According to Valota et al. [22] , excess oxygen evolution with high water addition reduces the charge available for film growth, resulting in shorter nanotubes. Therefore, it is important to find an optimum water content, which favors the formation of long nanotubes. As for the present work, a 90:10 (EG to H3PO4) ratio with 1% of water is the best electrolyte for the formation of long TNA.
Effect of Water Addition on the Crystal
Structure of The Nanotubes Figure 5 shows the XRD pattern of the annealed TNA formed in the electrolyte containing various amount of water. The crystalline phases are similar to those of sample P4. However, the intensity of anatase peak is prominent as the volume of water is high. This is ascribed to the formation of a thick oxide layer and improved anatase crystallinity. Figure 6 shows the room temperature PL spectra of P4, P4-H05, P4-H10, and P4-H20. Two PL emission peaks are identified: a sharp UV emission at 400 nm and a broad visible light emission at 500 nm. The 
Photoluminescence (PL)
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UV emission is assigned to near band edge (NBE) emission by recombination of free excitons while visible emission is related to crystal defects ascribed to O vacancies. The Iuv/Ivis ratio of TNA anodized without water (P4) was 0.57 and that for P4-H05, P4-H10, and P4-H20 were 2.73, 4.66, and 8.32, respectively. The high ratio of Iuv/Ivis for samples with water addition reveals good crystal quality as compared to samples without water (P4). This result suggests that the number of defects acting as recombination centers in TNA was reduced and the separation rate of photogenerated charges was significantly increased with water addition, thus improving the ROS release. Besides, the outcomes affirm that the water addition causes hydroxyl ion injection from the electrolyte into the oxide film during anodization, thus minimizing the presence of oxygen vacancies.
Photocatalytic Performance
Photodegradation of MB was conducted to test the photocatalytic activity of the TNA (P3, P4, P5, P4-H10). The kinetics of all photocatalytic reactions using TNA (P3, P4, P5, P4-H10) can be expressed by the Langmuir-Hinshelwood model in the equation, ln(C/Co) = kt, which represents the pseudo first-order reaction and where k is the apparent rate constant of reaction under the given experimental conditions and t is time. Variations of the relative concentrations (C/Co) (where C is concentration, which varies with time, and Co is the equilibrium concentration) of MB with time. Figure 7 shows the photodegradation of MB under sunlight and Table 5 summarizes the initial first-order degradation rate constants for photodegradation of MB.
As shown in Figure 7 , after 120 min of sunlight irradiation, the photocatalytic activity of TNA is in an order of P4-H10 > P4 > P3 > P5. The higher degradation efficiency of P4-H10 may be partially attributed to the synergistic effect of C and P doping and its higher aspect ratio of 34.6 for P4-H10 versus 28.7 for P4, and 9.04 for P3. Although P5 has the highest aspect ratio (81.36), the fact that it does not dope with P has reduced its photocatalytic performance. The high aspect ratio and effective charge separation due to doping are conducive to increased efficiency due to the higher availability of active sites for ROS generation and greater opportunity for the interaction between photo-generated electrons/holes or ROS and contaminants on the surface of the photocatalyst.
The first-order photo-degradation rates of entire samples were shown in Table 5 
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ly. It can be seen that the k values of P4 + MB and P4-H10 + MB are declined in the presence of ROS scavengers. To further understand the role of photogenerated ROS, photodegradation of MB by TNA (P4 and P4-H10) was characterized in the presence of two different ROS scavengers at 5 mM: nbenzoquinone (BQ which acts as a superoxide scavenger) and acetonitrile (ACN, a preferential hydroxyl radical scavenger). Addition of BQ, which helps discern the role of superoxide (Figure 8) , had a greater impact on the degradation of MB by P4-H10 (photodegradation reduction by 90%) than by P4 (13% reduction). This suggest that superoxide-mediated degradation plays a more significant role in the presence of P4-H10 compared to P4. Meanwhile, the degradation of MB in the presence of ACN was more pronounced with P4 compared to P4-H10 with rate of reduction by 45% and 35%, respectively ( Table 5) . This result confirms the critical role of hydroxyl radical in MB degradation by P4. 
Furthermore, it is clearly seen that the addition of Me-OH induced a small change in the photodegradation of MB (Figure 8) , suggest that superoxide and hydroxyl radical are the main reactive species involved in the photodegradation of MB when compared to h + for both photocatalysts. The possible reaction mechanism of co-doped TNA photocatalyst under light irradiation is shown in Figure 9 . When the photocatalyst is illuminated by light with photons energy higher than the band gap of TiO2, electrons (e − ) in the VB can be excited to the CB, resulting in generation of the same amount of holes (h + ). For pure TNA, these photogenerated electrons and holes readily recombine within nanoseconds. However, due to the presence of C and P trap center, the recombination of photogenerated electron-hole charge carriers is markedly reduced. As reported in our previous work [21] , the adsorbed carbon is identified to narrow the band gap energy by the mixing of C2p and O2p states [23] , therefore acting as a h + trap to reduce the recombination of photo-generated charge carriers. Besides, the photo-generated e − is excited from interstitial carbon via photon (hν) excitation and subsequently ejected into the Ti3d state of TiO2 [24] [25] [26] , and then transferred to CB of P that positioned below the Ti3d state. The electrons in this state can further react with O2 absorbed on the surface of the photocatalyst to generate superoxide. At the same time, h + in the VB of TiO2 transfer to C trap center thus combine with H2O to produce active hydroxyl radicals. The existence of P and C not only reduces the recombination of the photoinduced electrons and holes, but also prolongs the life time of the photogenerated pairs. Therefore, these reactive radical species of superoxide, hydroxyl radical, h + , and e − are highly reactive and capable of degrading MO into H2O and CO2. Moreover, according to Zheng et al. [27] , doped phosphorous existed in a pentavalent oxidation state replacing the Ti 4+ in anatase lattice in the form of Ti-O-P bonds. P species in the TiO2 lattice is the dominant group responsive to visible light.
CONCLUSION
In conclusion, C and P co-doped TNA was successfully fabricated via anodization using the EG and H3PO4 electrolyte mixture with 0.66% of NH4F. The presence of C and P in TNA P4-H10 induces the formation of a new energy state above VB, which is attributed to the C2p state of the interstitial carbon 
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and new energy state below the CB, corresponding to Ti-O-P state. Therefore, P and C doping improves the light absorption and photodegradation as compared to P5 (42%). This study also reveals that various ROS including superoxide and hydroxyl radicals are the dominant species generated when the TNA was irradiated by sunlight. The research results also demonstrate that the quantities of the generated ROS increase when C and P were co-doped in TNA.
